One sentence summary: Structural analysis of 2,4-D catabolic plasmids isolated from two different fields in Vietnam suggests intra-field evolution and inter-field plasmid exchange as well as the exchange of tfd genes between different plasmids within a confined local environment.
INTRODUCTION
The herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) has been used worldwide to control various broad-leaf weeds in agriculture and in pastures. In soils, bacterial degradation is the main route to remove 2,4-D from the environment. The catabolic pathway of 2,4-D degradation is one of the most extensively studied pathways for degradation of anthropogenic chemicals at the genetic level. Those studies helped shaping an important concept of genetic adaptation towards bacterial biodegradation of xenobiotic organic compounds, i.e. that gene recruitment by horizontal gene transfer is key to adaptation by governing the recombination of suitable existing genes (gene modules) in one organism, resulting in the nascency of novel catabolic pathways (Springael and Top 2004) . In accordance with this concept, genes involved in 2,4-D degradation show a modular composition and are often located on mobile genetic elements (MGEs) (Poh, Smith and Bruce 2002; Hoffmann et al. 2003; Trefault et al. 2004; Vedler, Vahter and Heinaru 2004; Sen et al. 2011; Kim et al. 2013) . The model system for genetics of bacterial 2,4-D degradation is this identified on the IncP-1 plasmid pJP4 of Cupriavidus pinatubonensis (formerly classified as Alcaligenes eutrophus, Ralstonia eutropha or Cupriavidus necator) JMP134 isolated from an Australian agricultural soil (Pemberton, Corney and Don 1979) . In addition to tfdA that mediates the transformation of 2,4-D to 2,4-dichlorophenol, the 2,4-D transporter gene tfdK and the regulatory genes tfdS, tfdR and tfdT, plasmid pJP4 carries two distinct isofunctional gene clusters that catalyze the conversion of 2,4-dichlorophenol to β-ketoadipate. The two clusters were designated as tfd-I and tfd-II. The tfd-I gene cluster is organized as tfdCDEFB while the tfd-II gene cluster as tfdDCEFB. The regulatory gene tfdT is non-functional due to the integration of an ISJP4 element interrupting the tfdT ORF (Don et al. 1985; Streber, Timmis and Zenk 1987; Perkins et al. 1990; Leveau and van der Meer 1996; Laemmli et al. 2000) . 2,4-D-degrading bacteria have been isolated from many other locations and their 2,4-D degradation genes have been explored to different extents. The genetic make-up of the tfd gene clusters as found on the pJP4 plasmid, is not always conserved in 2,4-D-catabolic bacteria originating from other geographically distant locations. Most of the other known 2,4-D-catabolic gene clusters carry only one tfd cluster for the conversion of 2,4-D, show differences in intraand inter-module composition and organization, and are located on different MGEs (Top, Holben and Forney 1995; Poh, Smith and Bruce 2002; Vedler, Vahter and Heinaru 2004; Sen et al. 2011; Kim et al. 2013) and even on the chromosome in some strains (Hoffmann et al. 2003) . Moreover, differences in sequence homology can exist between the tfd genes in different 2,4-D-catabolic bacterial isolates. The elucidation of the genetic context of 2,4-D biodegradation in different bacterial isolates from geographically distant areas provide us with information about the diversity and evolution of 2,4-D biodegradation genes and their vehicles worldwide, but is not informative about their local ecological dynamics at a 2,4-D-treated site. Knowledge on the diversity of 2,4-D-catabolic genes and their genetic make-up at a particular location, for instance within a particular agricultural field, is however, scarce. Often, from one site, only one isolate has been examined. A recent paper compared the genetic make-up of 12 broad-host-range plasmids that were isolated from different Norwegian soils by exogenous plasmid isolation and that encode mercury resistance. In that study, two plasmids isolated from the same soil were found to harbor catabolic gene clusters for 2,4-D degradation that, however, were non-functional due to the insertion of an insertion element (IS) and/or deletion of essential genes (Sen et al. 2011) . Data on the genetic make-up and genomic context of isofunctional catabolic pathways operating in a confined environment is instrumental in defining the molecular events that took place during the local and worldwide evolution of the catabolic genes and of the MGEs that carry them.
In this paper, we questioned whether or not the culturable 2,4-D-degrading bacterial community in a field with a long history of 2,4-D treatment, is dominated by a particular 2,4-D degradation gene composition and whether specific plasmid groups carry these genes. Therefore, we examined the composition of transferable 2,4-D degradation gene clusters and their genetic context in multiple 2,4-D-degrading bacterial strains that were isolated from two distantly located rice fields (one in Soc Trang (ST) province and one in Tien Giang (TG) province) in the Mekong delta of Vietnam. Focus was on 2,4-D degradation genes that could be transferred by plasmids to a plasmid-free Cupriavidus strain with known genomic sequence (Springael, Kreps and Mergeay 1993; Janssen et al. 2010) . Based on the draft sequence of the transferred plasmids, the architecture of the plasmid backbone and cargo genes, including tfd clusters, was reconstituted and compared between the different strains and to those in 2,4-D-degrading bacteria/MGE carrying 2,4-D-catabolic genes identified in previous studies.
MATERIALS AND METHODS

Bacterial strains and culture conditions
The 2,4-D-degrading strains were isolated from two rice fields with a long history of 2,4-D application, located in the Tien Giang (lat. 623967, long. 1146887, GPS V Garmin, USA) and Soc Trang (lat. 610033, long. 1062810, GPS V Garmin, USA) provinces of the Mekong delta (Vietnam) at approximately 100 km distance from each other, (Fig. S1 , Supporting Information). At each field covering an area of around 30 × 100 m, five top soil samples taken at four corners and in the middle of the field till a depth of approximately 10 cm were collected using a sterilized spade. The distances between the middle and corner sample locations were around 52 m. The multiple soil samples were thoroughly mixed into one sample per field. The strains were obtained by enrichment by inoculating 5 g of the mixed soil sample in 25 mL minimal medium (MM) pH 7. (Nguyen et al. 2014) supplemented with 100 mg L −1 2,4-D (Sigma-Aldrich) as sole carbon source and incubation at 25
• C while shaken at 125 rpm. After 2 weeks of incubation, soil particles in the suspensions were allowed to settle for 1 h and 5 mL of the supernatant were transferred to 25 mL MM supplemented with 100 mg L −1 2,4-D and incubated at 25
• C with shaking. The growth of the cultures was monitored visually for production of biomass. After two such transfers to fresh medium and subsequent incubation, the soil-free cultures were serially diluted (10 0 -10 −4 ) in NaCl 0.9% and 100 μL of the dilutions were plated on MM agar containing 500 mg L −1 2,4-D as well as on MM agar without 2,4-D as a control. The plates were incubated at 25
• C for 3 days. Separate colonies growing on MM agar containing 2,4-D were purified by transferring them three times onto MM agar with and without 2,4-D supplementation. The 2,4-D degradation phenotype of colonies growing only on 2,4-Dsupplemented medium was confirmed by their growth (biomass production) in liquid MM with and without 500 mg L −1 2,4-D.
The purity of the 2,4-D degrading isolates was finally inspected on TSB (Tryptone Soya Broth, Oxoid) agar medium. C. metallidurans AE815, a rifampicin (Rif)-resistant plasmid-free variant of C. metallidurans CH34 (Springael, Kreps and Mergeay 1993) and the 2,4-D-degrading C. pinatubonensis strain JMP134 were described before (Pemberton, Corney and Don 1979 
Genomic DNA extraction and large plasmid extraction
Genomic DNA of bacteria was isolated using the Puregene Core Kit A (Qiagen) according to the manufacturer's instructions. For large plasmid extraction, examined bacterial strains were individually cultured overnight in 8 mL of TSB medium to an OD 600 of 0.8. The cultures were centrifuged at 1500 × g for 10 min at 20
• C and the cell pellets resuspended in 300 μL E-buffer (15% sucrose, 40 mM Tris-hydroxide, 2 mM EDTA, pH 7.9) by pipetting. To lyse the cells, 600 μL freshly prepared lysis buffer (15% sucrose, 3% sodium dodecylsulfate, 50 mM Tris, pH 12.5) was added, the tubes were inverted 20 times and incubated at 68
• C for 30 min.
Sixty μL proteinase K (20 mg mL −1 ) were added and the tubes were inverted 20 times, followed by an incubation at 68
• C for 90 min. One mL phenol (saturated with water)/chloroform (v/v) mixture was added to the lysates and the tubes were gently inverted 40 times. Subsequently, the solutions were transferred into pre-spun Phase Lock Gel-Heavy (PLG-H) tubes and centrifuged for 5 min at 1500 × g to separate the phases. The aqueous phase of each sample was transferred into a new PLG-H tube followed by addition of 1 mL chloroform/isoamyl alcohol (24/1) and centrifugation at 1500 × g for 5 min. The plasmid DNA in the aqueous layer was transferred to a new Eppendorf tube and analyzed by electrophoresis in a 0.5% certified megabase agarose (Bio-Rad) gel with Tris-borate-EDTA (TBE) buffer, run for 20 to 24 h (5 V/cm) at 4 • C to 6
• C. The plasmid DNA was stained in an ethidium bromide bath for 10 min, destained in a distilled water bath for at least 1.5 h and visualized under UV light (Andrup et al. 2008) .
Polymerase chain reactions
Non-clonal isolates were distinguished by Box-PCR fingerprinting using the boxA-based primer (Table S1 , Supporting Information). The boxA element was amplified in a 50-μL mixture containing 2.5 μL dNTPs (2.5 mM each), 0.85 μL BOXA1 rev primer (0.1 mM), 1.25 U Taq DNA polymerase (Qiagen), 5 μL 10X PCR buffer (supplied with the enzyme), 0.8 μL 1% BSA, 5 μL 100% dimethyl sulfoxide (DMSO, Sigma Aldrich), 2 μL template DNA and sterile mQ-water. The PCR was performed in a Mastercycle (Eppendorf) using the program outlined in Table S1 (Supporting Information). The amplicons were separated by electrophoresis in a 1.5% agarose gel containing ethidium bromide (0.2 mg L −1 ) in TBE buffer at 90 V for 5.5 h and visualized under UV light. The 16S-rRNA gene of the isolates was amplified using the universal bacterial primers 63F-518R as previously described (El Fantroussi et al. 1999) . The amplifications of tfdA, trfA and korB genes were done in a 25-μL reaction mixture containing 5 nmol of each dNTPs, 12.5 pmol forward and reverse primer, 0.625 U Taq DNA polymerase (Thermo Scientific), 2.5 μL 10X PCR buffer, 2.5 μg BSA, 1 μL template DNA and sterile deionized water. In case of the korB gene, one forward and three reverse primers were used in one PCR mix to allow the amplification of korB of different IncP-1 plasmid subgroups (Jechalke et al. 2013) . The primer sequences and PCR programs used for amplification of the tfdA, trfA and korB are detailed in Table S1 (Supporting Information). 16S rRNA gene, tfdA, trfA and korB amplicons were visualized by electrophoresis in a 1.5% agarose gel at 90 V for 45 min.
Transfer of the 2,4-D-degradative genotype to plasmid-free strain AE815
Genes encoding catabolism of 2,4-D in 2,4-D-degrading isolates were transferred to the plasmid-free recipient strain C. metallidurans AE815 by biparental conjugation. The donor strains and the recipient strain were cultured separately overnight in 4 mL TSB at 25
• C while shaking at 125 rpm to reach an OD 600 of 0. 
Sequence analysis of 2,4-D catabolic plasmids
Total genomic DNA of the AE815 transconjugants was used to create sequencing libraries using the Illumina Nextera XT DNA sample preparation kit with dual indexing for each library. The libraries were sequenced using an Illumina MiSeq instrument with 2 × 250 base paired-end sequencing according to manufacturer's protocol. The acceptor strain AE815 is a plasmid-free derivative of C. metallidurans strain CH34 for which the genomic sequence is known (Janssen et al. 2010) . The reads were quality trimmed and de novo assembly was performed using Velvet 1.2.07. All de novo assemblies with k-mer length between 69 and 91 were performed and the best assembly based on the highest N50 value was retained for each transconjugant. The obtained contigs were mapped on the AE815 genome sequence using Bowtie 2 and the contigs without significant match (bitscore < 500) were retained as putative plasmid contigs. Detailed information on the kmer, N50, number of plasmid contigs, average coverage, and calculated minimal sizes of the plasmids is shown in Table S2 (Supporting Information). The nucleotide sequences of the plasmid-derived contigs were annotated by MaGe. Geneious 7.0.
3 software was applied to analyze the DNA sequences of the plasmids.
Nucleotide sequence accession numbers
The accession numbers of the 16S-rRNA gene and their corresponding plasmid-derived contigs including ORF predictions of the 2,4-D degrading strains deposited at The European Nucleotide Archive are shown in the parentheses:
RESULTS
Isolation and characterization of 2,4-D-degrading bacteria from Vietnamese rice fields
Twenty 2,4-D-degrading isolates were obtained from the rice field in Tien Giang province and 12 from the rice field in Soc Trang province. Based on Box-PCR genomic fingerprinting, those isolates represented 10 different strains. Strains TGCL-2, TGCL-3, TGCL-16, TGCL-26 and TGCL-27 originated from the soil of the Tien Giang province while strains STW8-1, STW8-4, STW8-7, STW8-10 and STW8-14 originated from the Soc Trang province soil. Based on the 16S-rRNA gene sequence analysis, the strains are all members of the family Burkholderiaceae within the β-proteobacteria. Strains TGCL-27, STW8-4 and STW8-14 were identified as Burkholderia spp., strains TGCL-2, TGCL-3, TGCL-26, STW8-1, STW8-7 and STW8-10 as Cupriavidus spp., and strain TGCL-16 as a Ralstonia sp. (Table 1) . Comparison of the Box-PCR based genomic DNA fingerprints of all 32 isolates showed that none of the 10 unique 2,4-D-degrading isolates were recovered from both locations indicating that the two distantly located geographical areas harbor distinct 2,4-D-degrading strains and populations (Fig. 1A) . For most of the strains, large plasmids ranging from ∼30 kb to >165 kb could be visualized in plasmid preparations except for strain STW8-14 (Fig. 1B) . PCR analysis performed with genomic DNA showed that all isolates carried the tfdA gene, encoding the iron(II)/α-ketoglutarate-dependent dioxygenase that performs the first step of the 2,4-D degradation pathway (data not shown). In addition, the IncP-1 plasmid molecular markers trfA and korB were detected in most of the strains indicating that these strains carry plasmids belonging to the IncP-1 incompatibility group that has been often associated with 2,4-D biodegradation (Xia et al. 1998; Trefault et al. 2004; Vedler, Vahter and Heinaru 2004; Kim et al. 2013; Sen et al. 2013) . Exceptions were strains STW8-4 and STW8-14 for which no trfA or korB PCR product was obtained (data not shown).
Transferability of the 2,4-D-degradative genotype
The 2,4-D degradation phenotype of 10 strains was successfully transferred into plasmid-free strain C. metallidurans AE815 by biparental conjugation. The transconjugants produced visible biomass on MM supplemented with 2,4-D as sole carbon source while the recipient strain AE815 did not. Box-PCR genomic fingerprinting confirmed the transconjugants genetic background as this of strain AE815 (data not shown) and PCR analysis showed the presence of tfdA-homologous sequences, indicating the acquisition of tfd-like 2,4-D degradation gene functions from the donor strains (data not shown). Moreover, trfA and korB homologues were detected by PCR in most of the transconjugants indicating that transfer of the 2,4-D-catabolic phenotype in those strains was governed by IncP-1 plasmids (Fig. S2 , Supporting Information). The exceptions were the transconjugants derived from strains STW8-4 and STW8-14 for which no trfA or korB amplicons were obtained, as was the case with both parent donor strains, suggesting that transfer of their 2,4-D degradation phenotype was governed by MGEs different from IncP-1 plasmids.
From all transconjugants but one, plasmids were isolated. Interestingly, as was the case for parent strain STW8-14, no plasmid could be recovered from the AE815 transconjugant of strain STW8-14. Illumina sequencing of plasmid DNA preparations obtained from the transconjugants was not successful. Therefore, another strategy was pursued, consisting of sequencing total DNA of the transconjugants. Such sequence analysis was only done for those transconjugants clearly carrying a plasmid and hence not for the transconjugant strain derived from STW8-14. After assembly of the contigs, those matching the chromosomal DNA sequences of the acceptor strain AE815 were removed from the dataset, in order to retain only those contigs that were derived from heterologous DNA, i.e. originating from the plasmids acquired by conjugation.
Sequence analysis of the 2,4-D-degradative plasmids
The DNA sequences and gene organization of plasmids pPO1, pPO2, pPO3, pPO7, pPO10, pPO16, pPO26 and pPO27, proved highly similar to those of the IncP-1 plasmid pJP4 (Table S3 , Supporting Information & Fig. 2) , showing the presence of IncP-1 plasmid backbone genes for initiation of replication, conjugative transfer, mating pair formation and stable maintenance and plasmid control in addition to catabolic accessory gene modules (Trefault et al. 2004) . In contrast, and in line with the PCR results reported above, pPO4 was not an IncP-1 plasmid.
The plasmid backbone of most of the IncP-1 plasmids shows near 100% nucleotide identity with the backbone of pJP4 (Table  S3A , Supporting Information ). The exception is pPO1 whose backbone shows 96.3% nucleotide identity to this of pJP4. Some small deletions can be observed in the backbone of the IncP-1 plasmids compared to this of pJP4. All IncP-1 plasmids with the exception of pPO1, lack the same fragment of 56 bp at the intergenic region between ssb and trbA, encoding the single-strand DNA-binding protein and the regulatory protein for mating pair formation, respectively. Moreover, the reconstructed backbone of pPO1 lacks a DNA fragment of 1460 bp, resulting in the interruption of the upf 31.0 gene and absence of a resolvase gene present in pJP4 (Fig. 2A) .
The eight IncP-1 plasmids contain a tfd gene region similar to this of pJP4 including both the tfd-I and tfd-II gene cluster for conversion of 2,4-dichlorophenol to β-ketoadipate (Fig. 2B) . However, some differences can be recognized. Plasmid pPO1 carries an extra sequence of 321 bp integrated in the tfdT regulatory gene which encodes a carboxy-terminally truncated protein due to insertion of ISJP4, rendering the regulator inactive (Trefault et al. 2009 ). The in-frame fusion in pPO1 creates a tfdT variant encoding a re-lengthened protein (335 amino acids) with a 107-residue insertion close to the carboxy-terminal end of pJP4-encoded TfdT (228 amino acids). Additionally, pPO1 harbors an apparent insertion of 1185 bp located between the gene pair encoding a plasmid addiction module (RelBE) and the Tn5504 MGE (Fig. 2B ). This extra DNA carries an ORF that potentially encodes a 257-amino acid protein with a putative glycosyltransferase domain (Pfam PF00535). Homologous domains are found in much larger bacterial multi-domain hypothetical proteins (>1000 residues), which questions the possible functionality of this predicted glycosyltransferase. Furthermore, tfdR appears absent in pPO3 and pPO1 (Fig. 2B) . For all IncP-1 plasmids, the tfd-I gene cluster is identical in organization to this of pJP4. Moreover, nucleotide identity between the tfd-I genes and corresponding tfd-I genes on pJP4 was always 100% (Table S3C , Supporting Information). On the other hand, differences with pJP4 were observed within the tfd-II gene cluster. A large fragment of 1445 bp of the pJP4 tfdB gene is absent from the tfd-II gene cluster in plasmids pPO1, pPO2, pPO3, pPO7, pPO10, pPO16 and pPO27 but is still present in plasmid pPO26. Miss-assembly in which tfdB-II reads were erroneously assembled into tfdB-I is highly unlikely since tfdB-I and tfdB-II in pJP4 share only around 68% nucleotide identity. The tfd-II genes present in the novel 2,4-D catabolic IncP-1 plasmids share all 100% nucleotide identity with the corresponding tfd-II genes in pJP4 (Table S3D , Supporting Information). Plasmid pJP4 habors other 12 accessory genes located between the tfd-II cluster and the IS1071 transposase, encoding gene products for putative fatty acid metabolism, transport and regulation (Trefault et al. 2004) . Only parts of these gene functions are present in the pPO plasmids and the remnant parts vary between the pPO plasmid series. Among the 12 ORFs, the transcriptional regulator, located next to the tfd-II cluster in the region between tfdR and tfdS, was demonstrated to be a transcriptional activator/modulator of tfdA gene in pJP4 (Trefault et al. 2009 ). This regulator is a member of the IclR-type regulatory family involved in chlorophenol degradation in a Gram-positive bacterial strain Rhodococcus opacus 1CP (Eulberg et al. 1998) and is retained in all pPO plasmids carrying two tfd gene clusters (Fig. 2B) .
Orthologues of Tn5504 resolvase, Tn5504 transposase, ISJP4 transposase and IS1071 transposase that were previously described for pJP4, are found in all eight pPO plasmids except for pPO26, in which a middle fragment (87 bp in-frame deletion) of the IS1071 transposase-encoding gene is missing (Fig. 2B) . These MGEs are located at the same positions as on pJP4. In addition, the mecury resistance gene cluster, consisting of merE, merD, merA, merP, merT and merR, is conserved in all eight plasmids, shows 100% nucleotide sequence identity to the corresponding genes on pJP4, and is located at the same site as in pJP4 (data not shown).
Comparison of the pPO plasmid-derived contigs with plasmid pJP4 enabled to propose the putative structure of the IncP-1 plasmids pPO1, pPO2, pPO3, pPO7, pPO10, pPO16, pPO26 and pPO27. The tentative structure of a representative plasmid, pPO26, carrying the most complete tfd genes compared to that of the pJP4, is shown in Fig. 3 . The overall structure of these plasmids is essentially the same as the one of plasmid pJP4, including the IncP-1β backbone modules for mating pair formation (trb genes), conjugative transfer (tra genes) and regulation of plasmid functions and stable inheritance. Transposon Tn5504, proposed as a new member of cryptic class II transposons (Trefault et al. 2004) , separates the backbone region and the tfd genes. The latter are organized into two tfd clusters separated by the IS element ISJP4 (Leveau and van der Meer 1997) . The tfd-II gene cluster is located adjacent to the region carrying uncharacterized metabolic genes, the number of which varies depending on the pPO plasmid. The last module of these plasmids, separated from the additional catabolic region by a gene encoding an IS1071 transposase, carries mer genes encoding mercury resistance enzymes and is located adjacent to the backbone region. The putative toxin/anti-toxin module enabling maintenance of the plasmids when transferred into new host (Van Melderen and De Bast 2009 ) is also present on these pPO plasmids (Fig. 2B) . As already indicated by the trfA/korB PCR results, plasmid pPO4 is clearly different from the other pPO plasmids and not an IncP-1 family member. Sequences related to backbone genes involved in replication and transfer were identified and suggest that the plasmid is related to plasmids pBVIE04 and pD2RT, previously identified in Burkholderia vietnamiensis G4 (Maida et al. 2014) and Pseudomonas migulae D2RT (Jutkina et al. 2011) , respectively. These plasmids belong to a not yet described plasmid group and therefore details on the plasmid backbone of pPO4 will be described elsewhere. In contrast to pJP4 and the IncP-1 2,4-D-catabolic plasmids identified in this study, pPO4 contains a single chlorophenol-catabolic gene cluster showing 100% nucleotide sequence identity to the corresponding tfd-I cluster of pJP4 and with an identical organization (Fig. 2B & Table  S3C , Supporting Information). In addition, tfdA is present and shows 100% nucleotide sequence identity with the pJP4 orthologue (Table S3B , Supporting Information). In comparison to pJP4, the gene tfdS encoding a regulatory protein, is truncated in pPO4 possibly due to the break of the contig, while the additional uncharacterized metabolic genes of pJP4 are only partially present on pPO4 (Fig. 2B) . Tn5504 flanking the tfd gene clusters in pJP4 is located at another position on pPO4, while the IS1071 is not present (data not shown).
DISCUSSION
Diversity of 2,4-D-catabolic bacteria in rice fields of Vietnam
The 2,4-D-catabolic bacteria isolated from two distant 2,4-Dexposed fields all belonged to the β-proteobacteria and more specifically to the families Burkholderiaceae (viz. Burkholderia spp. and Cupriavidus spp.) and Ralstoniaceae (Ralstonia sp.). Phylogenetically, relatives of these bacteria were also isolated as 2,4-D degraders from other sites, especially those with a history of 2,4-D treatment or pollution and have been named as group I 2,4-D-degrading bacteria (Itoh et al. 2004) . These isolates are often copiotrophic and fast-growing bacteria that are tolerant to high levels of nutrients, probably explaining the high proportion of 2,4-D-degrading isolates obtained from this group by enrichment (Ka, Holben and Tiedje 1994) . Also, Sakai et al. (2007) reported that the majority of 2,4-D-catabolic isolates from a rice field in Japan belonged to the genera Cupriavidus and Burkholderia. Next to those two genera, those authors found Sphingomonas strains, representing another major group of 2,4-D degraders (designated as group III) isolated from 2,4-D-exposed environments. As such, 2,4-D-degrading bacteria isolated from treated rice fields do not differ taxonomically from 2,4-D-degrading isolates from other environments such as top soil in 2,4-D-treated agricultural fields and industrial sites contaminated by accidental 2,4-D spills (Itoh et al. 2004; Sakai et al. 2007) . Box-PCR analysis revealed clonal isolates within the same field (sample) but between fields different strains were isolated, indicating that both fields carries different populations of cultivable 2,4-D degraders.
Diversity of 2,4-D-catabolic MGE in rice fields of Vietnam
The 2,4-D-catabolic phenotype/genotype in all tested bacterial strains could be transferred to the plasmid-free C. metallidurans AE815 strain lacking the ability to grow on 2,4-D and, hence, the catabolic capacity is carried by MGEs. This is in accordance with previous studies showing that in many 2,4-D-degrading bacterial isolates the genes that encode 2,4-D catabolism are located on conjugative plasmids. Apparently, such plasmids are also the main vehicles of conjugative transfer of the 2,4-Dcatabolic genes identified in this study. We were not able to identify plasmids in the phenotypically converted AE815 transconjugants from strain STW8-14 although they had acquired the 2,4-D degradation phenotype through conjugation with the donor strain and carried tfdA encoding the first step in the 2,4-D degradation pathway. Moreover, no plasmid could be extracted from the donor strain. This can be explained in several ways. Possibly, the plasmid extraction procedure was unsuitable to recover that particular plasmid. Otherwise, the MGE responsible for transfer of the 2,4-D-catabolic genes in strain STW8-14 is different from a classical plasmid. For instance, genes for chlorobiphenyl catabolism and chlorobenzoate catabolism have been reported to reside on gene islands that behave as conjugative transposons in which the element excises from the chromosome of the donor strain and after transfer to the new host, integrates into the new host chromosome (Springael and Top 2004; Gaillard et al. 2006 ). Ka and Tiedje (Ka and Tiedje 1994) described a 2,4-D-catabolic plasmid that integrated entirely in the chromosome.
The 2,4-D-catabolic plasmids identified in this study are of two quite different types. The first type belongs to the β-subgroup of incompatibility group IncP-1, known for its broad host range and high promiscuity and often associated with catabolism of xenobiotic organic pollutants (Top and Springael 2003) . Most of the reported 2,4-D-catabolic plasmids belong to the IncP-1 incompatibility group but not necessarily to the IncP-1β subgroup as also IncP-1ε and IncP-1δ plasmids that carry genes for 2,4-D degradation have been documented (Vedler, Vahter and Heinaru 2004; Sen et al. 2011) . Next to the IncP-1 plasmids, another type of plasmid, that carries 2,4-D degradation genes, i.e. pPO4, was identified in strain STW8-4. This plasmid is one of the first sequenced 2,4-D-catabolic plasmids outside of the IncP-1 incompatibility group. Other plasmids not yet assigned into a known incompatibility group and carrying genes involved in 2,4-D degradation are pEMT1 (Top, Holben and Forney 1995) and pEMT8 (Gstalder et al. 2003) , both isolated from soil sampled at the Kellogg Biological Station, Hickory Corners, Michigan, USA, by exogenous plasmid isolation. Interestingly, the tfd genes in pEMT1 and pPO4 are identically organized and have high DNA sequence similarity (E.M. Top, personal communication) . Additionally, the replication proteins (RepA) of pEMT8 (Top, Maltseva and Forney 1996) and pPO4 show high similarity (data not shown). These observations suggest that pEMT1, pEMT8 and pPO4 belong to the same new group of plasmids. Other plasmids that might belong to this group are pBVIE04 (also designated as pTOM) encoding phenol degradation genes in Burkholderia vietnamiensis G4 (Nelson et al. 1986 ) and pD2RT encoding toluene degradation genes in Pseudomonas migulae D2RT (Jutkina et al. 2013) . The host range of these plasmids is not known but the type of bacteria they were isolated from, i.e. β-and γ -proteobacteria, suggests that they are promiscuous at least between different groups of the proteobacteria, what makes them suitable to recruit genes from phylogenetically distant bacteria. Another 2,4-D-catabolic plasmid that is not of the IncP-1 type is plasmid pM7012, a megaplasmid of more than 500 kb identified in Burkholderia sp. M701 isolated from a Japanese rice field soil. These authors reported that the plasmid belongs to an hitherto unknown plasmid group and that similar 2,4-D-degradative plasmids are harbored by other 2,4-D degraders originating from Japan and the United States, indicating that they are mobile and distributed worldwide (Sakai et al. 2014) .
Intra-and inter-field diversity of 2,4-D-catabolic plasmids
Remarkably, the IncP-1β plasmids retrieved in this study from the same field all show small variations between each other. We cannot exclude that these variations occurred during enrichment but this is unlikely since the numbers of transfers and generations during enrichment was kept very low. These variations are mainly deletions in accessory genes of unknown metabolic function, also present on pJP4 and located between the tfd-II cluster and IS1071. Apparently, in contrast to the 2,4-D-catabolic phenotype, these functions are not selected for to be maintained on the plasmids. Also, Sen et al. (2011) identified variants of the same IncP-1β plasmid (designated as the pAKD group) in isolates obtained from a single soil. The variations concerned especially deletions in a putative catabolic accessory gene region while the backbone sequences were identical. These variants all share the same IS21-like element with intact ends and a remnant of a Tn501-like mercury resistance transposon upstream of the region that shows the deletions. The authors hypothesized that the plasmid variants were generated from a similar ancestral plasmid by DNA rearrangements due to intramolecular transposition of IS21. It is less easy to explain the deletion mechanism in our plasmids but an IS1071 element can be found adjacent to the region showing the deletions.
In the pPO series of plasmids, additional differences are located in the tfd genes. Most prominent is the absence of tfdB from the tfd-II cluster in most of the plasmids. Apparently, the presence of one tfdB copy in the tfd-I cluster is sufficient to confer the phenotype of growth on 2,4-D on strains harboring these plasmids. This minimal requirement is equally fulfilled by pPO4 that also only carries the tfdB-I gene. Ledger, Pieper and Gonzalez (2006) showed that JMP134 uses both TfdB enzymes for growth on 2,4-D, but apparently TfdB-I contributed to a significantly higher extent than TfdB-II. The authors hypothesized that expression of both TfdB enzymes avoids toxic accumulation of chlorophenols during 2,4-D degradation.
Our observations that two distant fields in the Mekong delta harbor highly similar IncP-1β 2,4-D-catabolic plasmids with essentially identical tfd gene organizations that are apparently variants from each other and display high similarity with the pJP4 plasmid identified in a strain isolated from an Australian soil, suggests that they might originate from a common ancestor and that on-going evolution of the plasmids at the sites is occurring, and highlights the inter-field distribution of a particular pJP4-like plasmid, not only between Vietnamese fields but also between remote sites in Australia and Vietnam. Of all IncP-1β plasmids identified in our study, pPO26 is the largest one and most similar to pJP4, containing the largest cluster of the putative metabolic genes extraneous to the tfd genes, and is the only IncP-1β plasmid in the pPO series that contains tfdB-II. Therefore, we hypothesize that the IncP-1β pPO plasmids originated from pPO26 or from a similar ancestral plasmid, possibly a pJP4-like plasmid.
The pPO1 plasmid deviates from the other pPO plasmids in that its backbone lacks a 1460-bp fragment and it contains two insertions, one near the plasmid addiction gene module and another one in the tfdT gene of cluster I. The novel TfdT variant thus created is potentially functional since its amino-terminal DNA-binding domain (LysR family; PF00126) is not affected and a LysR-type substrate-binding domain (PF03466) is regenerated. Remarkably, the predicted pPO1 TfdT variant shares 88% amino acid identity with a homologue flanking the chlorocatecholdegradative operon of Burkholderia phytofirmans OLGA172, a pristine soil isolate (Ricker, Qian and Fulthorpe 2013) . Since the pPO1 hybrid regulator retains 19 carboxy-terminal residues of pJP4-encoded TfdT, the pPO1 gene probably represents the result of a recombinational event with horizontally acquired homologous DNA. Notably, the B. phytofirmans chlorocatechol genes are found adjacent to a putative mobile element, RITBphyt1 (Ricker, Qian and Fulthorpe 2013) .
Apart from the aforementioned insertions and deletions, the organization of plasmid pPO1 resembles most closely the one of plasmid pPO3 and probably originates from pPO3 or a common ancestral plasmid. Interestingly, as also observed by Sen et al. (2011) for the pAKD group of IncP-1β plasmids isolated from the same soil, almost no differences could be found between the backbone sequences of the different pPO plasmids which is in stark contrast with the accessory gene regions. This strong backbone conservation extends to all IncP-1β plasmid isolates worldwide. Sen et al. (2011) explained this by either an evolutionary recent worldwide spread of these plasmids, with insufficient time for multiple mutations to accumulate, or by strong selection on the entire plasmid backbone, preventing sequence divergence.
Furthermore, the identification of a tfd-I chlorophenol catabolic gene cluster and tfdS/tfdA gene module on pPO4 that are identical in sequence and organization to those found in the pPO IncP-1β plasmids, indicates inter-plasmid exchange of the corresponding 2,4-D-catabolic genes between an ancesteral pPO4 and the IncP1-β pPO plasmids, possibly on-site. Two evolutionary scenarios can be proposed. Either the tfd-I and tfdS/tfdA were separately recruited by pPO4 from pPO/pJP4-like IncP-1β plasmids or pPO4 recruited the complete cluster carrying tfd-I, tfd-II and tfdA with concomitant loss of the intermittent region (carrying tfd-II) between tfd-I and tfdS/tfdA. The observation that the relative organization of tfdS/tfdA and tfd-I is the same in both pPO4 and pPO IncP-1β plasmids suggests the second scenario as more plausible.
Implications for worldwide evolution and distribution of the tfd genes
The genetic make-up of the tfd gene clusters, is not fully conserved among 2,4-D-catabolic bacterial isolates from different geographically distant locations, i.e. different intra-and intermodule composition and organizations are apparent and the modules can be located on different types of replicons (Top, Holben and Forney 1995; Poh, Smith and Bruce 2002; Hoffmann et al. 2003; Vedler, Vahter and Heinaru 2004; Sen et al. 2011; Kim et al. 2013; Sakai et al. 2014 ). Nevertheless, isofunctional tfd genes clearly have a common ancestor and some 2,4-Ddegrading bacteria isolated from different locations display similarly organized tfd genes. The worldwide spread of homologous tfd genes in 2,4-D-catabolic bacteria can be explained in two ways. First, only a limited number of ancestral enzymes with the appropriate catalytic activities to attack 2,4-D and its further metabolites existed, making them indispensable for recruitment into an efficient catabolic pathway so that worldwide highly similar catabolic gene combinations were formed. Alternatively, recombination of suitable catabolic genes/enzymes might have occurred at a specific location followed by the worldwide spread of the new catabolic feature. It is difficult to discriminate between both hypotheses as it cannot be excluded that different combinations might have formed at different locations and then spread worldwide. Our observations suggest at least inter-field distribution of a particular pJP4-like plasmid in between Vietnamese fields and between Australia and Vietnam. Indeed, the tfd gene organization observed in pJP4 in strain JMP134 and the pPO-series of IncP-1β plasmids in the isolates reported in our study is up to now unique. Moreover, the phylogenies of the deduced protein sequences of the different tfd genes in 2,4-D-degrading bacteria follow largely the organization of the tfd genes, i.e. in the sense that the proteins encoded by a particular gene organization are also phylogenetically grouped. As such, Tfd proteins encoded by the pPO/pJP4 plasmids form a phylogenetic group that is clearly distinct from those of isofunctional Tfd proteins identified in other 2,4-D-degrading bacteria, albeit with a common ancestor (T.P.O. Nguyen et al. unpublished data) . For instance, as previously reported by Baelum et al. (Baelum et al. 2006) , TfdA of strain JMP134 (pJP4) represents a phylogenetic group (designated as TfdA group I) that is clearly distant from TfdA proteins from other 2,4-D-degrading bacteria that carry tfd genes differently organized from these of pJP4 (T.P.O. Nguyen et al., unpublished data) and the TfdA proteins encoded by the pPO plasmids cluster in group I. However, recent studies show that tfdA genes recovered from 2,4-D-degrading isolates and soils in Europe and China also contain group I tfdA genes, indicating that the spread of the pJP4/pPO IncP-1β tfd genes extends beyond Australia/Vietnam (Baelum et al. 2006; Han et al. 2014) . It should be pointed out that we do not yet know the actual tfd gene organization in the respective bacterial hosts and soils. Worldwide distribution of such genes is plausible taking into account the current worldwide exchange of (agricultural) goods and transport of people as well as the phenomenon of aerosol particles being transported over thousands of kilometers by air or water (Welch et al. 1991) . Such aerosols can contain dust/soil particles as well as pollutants and microorganisms (Welch et al. 1991; Bauer et al. 2002) . Once deposited at another location, selective conditions provided for instance by pesticide treatment, might allow the establishment of the particle-borne pesticide catabolic features in the local microbial community, either via the colonization by the deposited organism containing that feature or through the spread of the corresponding catabolic genes to endogenous bacteria in case the new environment is not favorable for the host organism (Dejonghe et al. 2000) . Clearly, more information on the tfd gene sequences and organization in various 2,4-D-degrading bacterial isolates present at specific geographic locations worldwide as well as molecular ecological studies on such soil samples but also in other environments such as air is needed to fully understand the distribution dynamics and evolution of tfd genes.
